The imaging modalities useful for evaluation of the patients with suspected or known pulmonary infections are the chest radiography and high-resolution computed tomography (HRCT) of the chest.
Introduction
Renal transplant recipients are susceptible to various infections because of depressed cellular and humoral immunity due to immunosuppressive therapy. 1 Most of these patients have associated disorders which will further suppress their immunity. Despite recent overall improvement in patient survival and the advances in the development of new antimicrobials, pneumonia continues to carry a high mortality and morbidity rate in immunocompromised patients. [2] [3] [4] [5] There has been decline in the mortality of the renal transplant patients in the west, [6] [7] [8] [9] [10] [11] but same does not hold true for Asian countries. It is difficult to estimate the epidemiology of infection in renal transplant because of lack of registry in tropical countries, but reported case series has shown that infections complicate the course of 50-75% of transplant recipients in tropical countries, with mortality ranging from 20 to 60%. 12, 13 Unhygienic conditions, hot and humid climate, late presentation of the patient and lack of awareness are the some of the common causes of high infection rate in our region.
The causative agents of pulmonary infections in transplant recipients include bacteria, fungus, virus and many more, and their frequency of occurrence varies; however mixed infections, CMV and opportunistic infections are the commonest. Though uncommonly described in western literature, TB is the most common infection in the transplant patients in India, reflecting its high overall prevalence in the general population. 14 Initially the concept of time duration from transplantation was widely accepted, but nowadays the trend is changing. It is considered that any infection can occur at any time depending upon the degree of immunosuppression, not on the time duration. 15 A specific diagnosis helps in early initiation of appropriate therapy in these patients. The radiologist plays an important role in defining the extent of the disease and recognizing any underlying pathology, thus narrowing the differentials in a case of pulmonary infection. Radiologist also helps in assessing the response to treatment and complications. The aim of this article is to give an overview of radiological (HRCT) findings of pulmonary infections in renal transplant recipient and thus helping the clinicians in effective management leading to better prognosis of these patients.
The renal transplant recipients are prone to the variety of infectious pathogens. The HRCT features could provide valuable information for differentiation diagnosis and treatment response. Findings in renal transplant recipients with manifestations of immune-compromised-related pulmonary diseases could be either pathogen-specific or -non-specific. It is particularly fundamental to recognize these imaging characteristics at suspicion of opportunistic infections in such patients. In this article, we present a review to refresh and update our knowledge of HRCT features of pulmonary infectious diseases in immune-compromised patients.
ß 2016
Chest radiography is the foremost modality for any suspected pulmonary infection, but it has its own limitations in detecting lung infiltrates. [16] [17] [18] It has also been estimated that up to 10% of immunocompromised patients with acute lung disease have normal chest radiography. 16 High-resolution computed tomography (HRCT) is the most useful modality to detect early disease. It is superior in terms of sensitivity and specificity than conventional imaging, in high risk patients, especially in immunocompromised patients with poor treatment response or in complicated infections. In febrile neutropenia, Heussel et al. has shown that thin-section CT scan helps in early detection of pneumonia by 5 days and is sensitive enough to detect 20% more cases as compared to chest radiographs. 19 HRCT chest scan can help in:
1. demonstrating abnormalities in patients with clinically suspected pulmonary disease but normal or questionable radiographic findings, 2. providing greater confidence in the diagnosis in patients with nonspecific radiographic findings, 3. determining the optimal type and site of biopsy Certain CT findings help us in making confirmed diagnosis in some clinical conditions like septic emboli, tuberculosis, invasive aspergillosis, and P carinii pneumonia. 20, 21 Ultrasonography (USG) chest is not routinely used, but its use has increased in pulmonary infections mainly in emergency settings. USG gives excellent imaging and real time visualization of the pleural based pathology, mainly pleural effusion. Its use in quantifying, characterization of the fluid and associated consolidation is excellent. It also helps in aspirating pleural fluid with real time visualization mainly in minimal pleural fluid.
A meta-analysis showed that sensitivity and specificity of the microbiology of sputum range, respectively, from 15 to 100% and from 11 to 100%. 22 With such a high variability in sensitivity, specificity and delay in microbiological reports, the imaging findings are very crucial for early diagnosis and management of these patient. Thus clinical history with imaging features especially HRCT can narrow the diagnosis and help in improving the prognosis of these patients.
Radiological pattern
Identifying the correlation between radiological pattern and specific diseases helps in minimizing the differential diagnosis. Some of the radiological features are discussed in detail.
Ground glass opacities (GGO)
GGO is a common but non-specific finding. It represents filling of the alveolar spaces with pus, edema, hemorrhage, inflammation or thickening of the interstitial or alveolar walls. It can be secondary to drug-induced toxicity, alveolar hemorrhage, pulmonary edema, organizing pneumonia, or hypersensitivity. Pneumocystis, Mycoplasma and viral infections are the most common causes of GGO ( Fig. 1 ). Incidence of pneumocystis infection has subsided after using empirical prophylaxis for each patient. Noninfectious causes can have similar radiological picture as infectious causes. Good clinical history and examination helps in such cases.
Consolidation
It can be differentiated from GGO by obscuration of underlying vessels. Causes of consolidation are almost similar to causes of GGO. Lobar air space or focal segmental consolidation is mostly seen in a community acquired bacterial pneumonia ( Fig. 2a and b ). Multifocal patchy consolidation can be seen in tuberculosis or [ ( F i g . _ 1 ) T D $ F I G ] unusually in Nocadiasis. Air bronchogram is quite specific for consolidation, but has low sensitivity. Tuberculosis usually has atypical presentation in immunocompromised patients.
Pulmonary nodules
Miliary nodules -small (1-3 mm) and large (>3 mm) can represent infection. They can be localized or diffuse, may coalesce sometimes to produce consolidation. Margins are usually distinct in infections. Mycobacterial infections ( Fig. 3a ) usually presents with small nodules, but large nodules can also be seen. Aspergillosis can present with nodules and cavitation. It usually infects pre-existing cavity. ''Halo sign'' can be seen in invasive aspergillosis. Disseminated fungal infections such as Histoplasmosis and Coccidiodomycosis, are common differentials, although both are uncommon in Asian population. Larger nodules (>3 mm) with reticular pattern can be seen in CMV. Multiple ill-defined lesions with or without cavitation can be seen in septic emboli and staphylococcus infection. Septic emboli are usually seen in intravenous drug abuse, septic thrombophleitis and endocarditis. Staphylococcus is associated with central vein lines. Larger nodules may be seen in typical or mycobacterial infections and fungal infections ( Fig. 3b ). Pulmonary nodules of size 1 cm or more is most common associated with fungal infection (62%), followed by bacterial pneumonia (19%) and viral pneumonia (12%). 23 
Lymphadenopathy
Mycobacterial infections are the most common cause of hilar or mediastinal lymphadenopathy, typical peripheral enhancing lymph nodes with central necrosis is almost pathognomonic of mycobacterial infection. Fungal and MAC can present with mediastinal lymphadenopathy. Bacterial and viral infection usually does not present with mediastinal lymphadenopathy. Other rare causes are malignancy mainly lymphoma.
Pleural effusion
Pleural effusion is a non-specific finding in pulmonary infections ( Fig. 4 ). It can be present de novo or associated with parenchymal infection. Uremic pleuritis, hypoalbuminemia, heart failure, volume overload and tuberculosis are the common causes of pleural effusion in chronic kidney disease. Differentiating causes of pleural effusion radiologically can be difficult. Tuberculosis should be differentiated from the uremic pleuritic due to management implications. Bilateral effusion mostly suggestive of systemic pathology and almost always suggestive of transudative nature of fluid, but hemodialyis and diuretic use can complicate the situation. Loculations, adhesions and associated consolidation are suggestive of infective pathology. Pleural thickening is suggestive of chronic pathology. The common radiological pattern on HRCT is listed in Table 1 .
Bacterial infection
The radiological patterns of bacterial pneumonia are not different from immunocompetent patients and reflect different pattern ranging from nodules to multifocal consolidation with air bronchogram in lobar/segmental distribution ( Fig. 5 ). In contrast to immune competent individuals, bacterial pneumonia in the immune-compromised patients have higher propensity for multifocal and bilateral disease with progress rapidly and are complicated by cavitation and abscess formation, and more chance of bacteremia. Apart from common infections, these patients also have risk of unusual infections like Rhodococcus, Nocardia. HRCT features are summarized in Table 2 . 
Pneumococcal infections
Streptococcus pneumoniae is the commonest organism causing community acquired pneumonia in transplant recipients as well.
These organisms mainly affect the terminal airways first and then involve surrounding lung segments, causing classical lobar air space pneumonia. Rarely interstitial pattern can be seen which is usually more common in viral pneumonia. S. pneumonia has characteristic tendency to involve pleura. Associated small pleural effusions may be seen, but lung abscess and empyema are unusual.
Staphylococcal infections
The infections occur due to aspiration of organisms from the upper respiratory tract particularly in hospital course. It may also be community acquired as these patients have depressed immunity. Community acquired is usually methicillin sensitive and hospital acquired is usually methicillin resistant.
The typical findings are focal pneumonia, involving the lower lobes. The consolidation may spread and become confluent, resembling lobar pneumonia. Post-influenza secondary bacterial infection is commonly caused by staphyloccoccus. Disease course is generally rapid; resolution is slower with residual fibrosis. It can present with multiple small cavities usually referred as pneumatoceles. Septicaemia may occurs and present as multifocal cavitary nodules/opacities known as septic emboli with lower lobe predominance. Septic emboli can cavitate and are usually seen with indewelling catheters, septic thrombophlebitis and intravenous drug users. The 'feeding vessels' sign (direct vessels leading up to the opacity) can be seen on contrast enhanced-CT.
Gram negative bacteria
In patients after kidney transplantation, gram negative bacteria are responsible for 69% of bacterial pneumonia and major cause of morbidity and mortality. 24, 25 The group of gram negative bacteria among others includes: Pseudomonas, Klebsiella, Eschericha, Acinetobacter and Enterobacter. These bacteria have high propensity to develop multi drug resistance and can colonize the lungs, if the patient has associated structural lung disease mainly bronchiectasis. Most common causes of pneumonia are Pseudomonas and Klebsiella.
Pseudomonas occurs through upper airways and rarely by blood stream. Radiological imaging shows bronchopneumonia, and dominating on both sides lower lobes predilection. The lung parenchymal changes are very often associated with pleural effusion or pleural thickening. In Pseudomonas infection abscess formation often occurs.
Another gram-negative bacteria causing pneumonia among transplant recipients is Klebsiella pneumoniae. It is responsible for lobar pneumonia similar to Pneumoccocus infection; however, the infected lobe has larger size with bulging of interlobar fissures due to formation of inflammatory exudates which causes pressure on 
Organisms HRCT features

Streptococcus pneumoniae
Lobar air space consolidation with air bronchogram.
Staphylococcus aureus
Lobar or segmental consolidation with pleural effusion, empyema.
Pseudomonas aeruginosa
Bronchopneumonia, often associate with pleural effusion or pleural thickening and abscess formation.
Klebsiella pneumioniae
Lobar consolidation with bulging fissures.
Mycobacterium tuberculosis
Multifocal consolidation with upper lobe predominance, military nodules, tree-in-bud opacities, peripheral enhancing lymphadenopathy.
the fissures. Pleural effusion and abscess formation is more common than pneumococcal pneumonia.
Nocardia infection may be seen in late post-transplant phase. The most common radiographic findings include nodules, consolidation, abscess ( Fig. 6 ), cavitation, pleural effusion and lymphadenopathy. 26 There is no lobar predominance and sometimes differentiation from TB infection can be difficult. Extension to mediastinum, pericardium and chest wall occurs occasionally. 26, 27 
Anaerobic bacterial infections
Most anaerobic infections occur due to aspiration of infected oral contents. These species are Bacteroides, Clostridium, Fusobacterium, Peptococcus, etc. The radiographic appearances may be seen lung abscess, pneumonia with cavitation and may or may not be associated with empyema. It commonly involves the superior and postero-basal segments of lower lobes and/or posterior segment of upper lobes.
Mycobacterial infections
Mycobacterial infections are responsible for approximately 20% of pneumonia cases among kidneys' recipients. 24, 25 The transplant patients have long-term immunosuppression, leading the risk of new infection/reactivation of previous mycobacterial infection. These patients have high incidence of disseminated disease with primary infections. Disease progression is also faster than in the general population with higher morbidity and mortality. The imaging appearances are very wide and include discrete nodules, complex nodules and parenchyma changes, fibrocavitory changes in the upper parts of lungs, mediastinal lymphadenopathy and pleural effusion. The common findings consist of upper lobe cavitatory opacities may be missing in immunocompromised patients. The CT features indicating activity of the disease are consolidation, tree-in bud opacities, miliary nodules and less of cavitation (Fig. 7) . The 'tree-in bud appearance' is characteristically more common as compared to non-mycobacterial infection. 28 It is visible in HRCT and occurs due mucus impaction in bronchi & bronchioles. It is indicator of active infection. Fibrotic bands, calcified nodules and bronchiectatic changes are indicator of inactive disease. However, the activity of disease should be considered on the basis of microbiological test and progression of imaging findings. Non-tubercular mycobacterial infections such as Mycobacterium avium intracellulare or Mycobacterium kansasii are higher in incidence as compare to general population. Mortality due to tuberculosis is 10.5-23% in the renal transplant recipients. 29 
Fungal infection
Fungal pneumonia develops in patients who are neutropenic due to immuno-suppressive drugs. These infections are categorized in two groups: those that occur exclusively in immunecompromised host such as candida, aspergillus and mucor and fungi with increased virulence in immuno-compromised host such as histoplastoma, coccidioides, and blastomyces species. Fungi can be also divided on the basis of pathogenesis of disease (1) opportunistic and (2) primary pathogens.
Invasive aspergillosis and disseminated candidiasis are the most common fungal infections accounting for about 80%. The incidence in renal transplant patients is approx 5% and mostly occurs within initial two months. Table 3 shows common radiological findings in fungal infections.
Opportunistic infections
These fungi invade immunocompromised host and these are Aspergillus, Candida etc. These organisms are ubiquitous in the environment.
Pneumocystis jiroveci
Pneumocytis jiroveci is classified as a fungus, but behave like a protozoan. The incidence of Pneumocytis pneumonia has been [ ( F i g . _ 6 ) T D $ F I G ] reported in 5-10% of kidney transplantation before the introduction of cotrimoxazole prophylaxis. 30 However, prophylaxis with TMP-SMX has reduced the incidence dramatically. The typical CT features of P. jiroveci pneumonia (PJP) include upper lobe, perihilar and scattered GGO, and septal thickening interspersed with normal lung parenchyma (Fig. 8) . The atypical presentation can be seen in severe immunodeficiency or associated infections mainly CMV. Infection usually occurs within 6 months of transplantation and hallmark of infection is the presence of marked hypoxemia, dyspnea, and cough with a paucity of physical or radiological findings. Pneumocystis infection has varied presentation from GGO to consolidation, mosaic appearance, septal thickenings, cysts causing pneumothorax and honey combing in chronic and rare cases. It can be difficult to differentiate Pneumocystis infection with other infection mainly virus, pulmonary edema. In a proper clinical setting with suggestive CT features, treatment should be started to prevent high mortality associated with the disease.
Aspergillus
Aspergillus infection is caused by Aspergillus fumigatus which is ubiquitous fungus found throughout in environment and may cause disease in susceptible hosts depending upon the immunological status of the patient. The common presentations are 31 :
Aspergilloma: it is a ball of fungal hyphae that typically colonize in pre-existing cavities. Most commonly, it is seen in preexisting cavity.
On chest radiograph it is seen as round to oval radio-opaque density in dependent portion of pre-existing cavity of upper lobe or superior segment of lower lobes. The 'air crescent sign' is classically seen in aspergilloma; however it may be seen in malignant masses, blood clot in cavity, ruptured hydatid cyst and necrotic lung abscess. Thickening of cavity wall may be seen in early phase. These fungal balls are mobile within cavity and mobility can be demonstrated on a decubitus chest radiograph. CT shows similar findings; however better in demonstrating intracavitary contents of aspergilloma.
Allergic aspergillosis: A result of hypersensitivity reaction from fungus itself. The characteristic radiological features are central bronchiectasis and mucoid impaction typically as branching opacities (inverted Y or V), usually central and in an upper lobe, giving finger-in-glove sign (Fig. 9 ). Apart from these centrilobular nodules, consolidation and masses have also been described. These findings are better visualized on HRCT.
Semi invasive or chronic necrotizing aspergillosis -a form of infection seen in patients with minor defect of immunity or who are on low dose of cortico-steroids. Radiologically it will manifest as a small nodule or mass in upper lobe that develops progressive cavitation over several weeks or months. Many times it is difficult to differentiate this from tuberculosis on radiological basis specially in countries with high prevalence of tuberculosis.
Invasive pulmonary aspegillosis occurs due to invasion of vessels, bronchi and lung parenchyma. Cavitation is frequently associated, suggesting angio-invasive nature of fungus and may or may not show air crescent sign (Fig. 10a ). The imaging findings of invasive aspergillosis is nodular or wedge-shaped opacities (Fig. 10b ) closely abutting pleural surface. 32, 33 The most characteristic CT finding in invasive fungal infection is CT halo sign present at initial stage in >90% patients and halo sign refer to ground glass opacities surrounding a nodular opacity representing haemorrhage. 34 Although this sign is also described in different diseases like Wegener's granulomatosis, vascular metastasis and Kaposi sarcoma. Reverse halo sign is also seen during the course of the infection.
Candida
Apart from mucocutaneous infection in orodigestive tract, it commonly involves lower respiratory tract mainly in initial posttransplant period. Candiadiasis may occur concomitantly with bacterial infections and spread both by endo-bronchial and/or hematogenous route. 35 The radiological findings are mostly bilateral, hemorrhagic nodules mainly in lower lobes and may also be associated with parenchyma congestions, less frequently tree-in bud opacities and bronchial wall thickenings. These nodules are smaller size as compare with IPA. Rarely halo sign or nodules occur. Use of empirical anti-bacterial and anti-fungal Table 3 Radiological important features in fungal infections.
Organisms HRCT features
Aspergilloma Air crescent sign in upper lobe.
Invasive pulmonary aspergillosis
Pulmonary nodules with surrounding GGO (halo sign).
Pneumocystis jiroveci Diffuse or patchy area of GGO in upper lobes with subpleural sparing and cysts with or without pneumothorax.
Candida albicans
Multiple pulmonary nodules in the lower lungs.
[ ( F i g . _ 8 ) T D $ F I G ] Fig. 8 . 39 year old male renal transplant recipient and his HRCT chest shows diffuse, ground glass opacities with subpleural sparing and right sided pleural effusion in case of Pneumocystis pneumonia.
therapy (fluconazole) has cause increased in candida albicans and candida non albicans infection. The bronchopneumonia pattern may be seen in endo-bronchial spreads (Fig. 11 ).
Mucor
Pulmonary mucomycosis may be seen in <1% of transplant patients and is indistinguishable from Aspergillus infection. Mucor infection has special affinity for diabetic patients and is associated with severe hemoptysis and black colored sputum. Mucormycosis shows multiple pulmonary nodules or air-space consolidation and rarely can present as mass (Fig. 12 ). The CT halo sign is frequently seen due to angioinvasive nature of this fungus just like Aspergillus. Due to vascular involvement, frequently consolidation can be segmental and homogenous. 36 [ ( F i g . _ 9 ) T D $ F I G ] [ ( F i g . _ 1 2 ) T D $ F I G ] Fig. 12 . HRCT in a 28-year-old man shows focal segmental consolidation with cavitation in the right lobe surrounded by a halo of ground-glass-haze. Based on the above findings, fungal pneumonia was suggested. Culture was positive for Mucor fungus.
Cryptococcus
It is caused by the fungus Cryptococcus neoformans. Disease has particular affinity for central nervous system. Lung infection are asymptomatic or recognized infrequently. The radiographic findings are single (Fig. 3b ) or multiple nodules with or without cavitation or segmental or lobar consolidation. 37 Lymphadenopathy and pleural effusion may be present. Atypical findings include diffuse areas of ground glass and miliary nodules.
Primary pathogens
The primary pathogens are those that infest healthy individuals. These include species like histoplasma, coccidiodes etc.
Histoplasmosis
The causative agent is Histoplasma capsulatum. The organisms have worldwide distribution, but disease is seen in North America. The radiographic features closely resemble pulmonary tuberculosis. Imaging findings include diffuse small nodules (<3 mm in size), miliary nodules or lager nodules. Small pleural effusion and peripheral enhancing mediastinal lymphadenopathy may be seen. A fibrosing mediastinitis is late manifestations of histoplasmosis. 38, 39 
Coccidiomycosis
A disease of south western US and Mexico, usually asymptomatic and present with diffuse small nodular opacity and thin walled cavities mainly in periphery of upper lobes.
Viral infections
Viruses are a major cause of respiratory infections in community and transplant recipients. In general population, respiratory syncytial virus, parainfluenza virus, adenovirus, influenza virus are common viruses, while in immune-compromised patients CMV and herpes viruses are most common viruses. Viruses can cause several lower respiratory tract infection including tracheo-bronchitis, bronchiolitis, and pneumonia. The interstitial pattern is most common and non-specific pattern in viral pneumonitis. On chest radiograph, bilateral, diffuse reticular opacities with or without hyperinflation are seen. Pleural effusion and lymphadenopathy is not common feature. HRCT shows poorly centrilobular nodules, patchy or diffuse areas of GGO, focal segmental consolidation and interlobular septal thickening. 40 In Table 4 Radiological important features in viral pneumonia.
Organisms
HRCT features CMV Diffuse areas of GGO with or without nodules.
Flu virus
Interstitial pneumonia pattern, GGO, nodules.
[ ( F i g . _ 1 3 ) T D $ F I G ] Fig. 13 . HRCT in a 21-year-old man shows bilateral diffuse ground glass opacities in both lung fields. Based on the above findings, CMV pneumonia was suggested and proved after serological test.
[ ( F i g . _ 1 4 ) T D $ F I G ] severe acute cases, viruses can lead to ARDS. Table 4 shows common radiological findings in viral infections. Cytomegalovirus pneumonia is the most common cause of viral related pneumonia in immunocompromised patients and is frequently occurs in the first 6 months after transplantation with incidence rate of <1%. 41 CMV infection is associated with increased risk of secondary bacterial, fungal and supper added protozoal infection. Thus it increases overall mortality and graft rejection.
The classical imaging appearance in CMV pneumonitis is diffuse ground glass or patchy interstitial opacities and nodular opacities (Fig. 13 ). Centrilobular nodules of less than 10 mm in size are the most suggestive of viral infection especially CMV pneumonitis. 42 Few features overlap with pneumocystis infection. However, pleural effusion is more common in CMV infection. Severe infection may mimic adult respiratory distress syndrome. Multiple pulmonary nodules are second most common findings. Airways disease like bronchiectasis, bronchial wall thickening and bronchiolitis may be seen in a third of cases.
The respiratory viruses including rhinovirus, adenovirus, influenza (swine flu) and parainfluenza virus, have been increased because of development of new diagnostic tools and tests.
Influenza virus is a frequent causative agent of upper respiratory tract infection among these patients. The common features are non confluent patchy areas of consolidation which becomes confluent rapidly. In patients with immunosuppression, severe superimposed bacterial infections are frequent.
Herpes simplex infection is an uncommon disease usually caused by HSV1 and manifest as multifocal or diffuse consolidation. Additional findings are GGO, reticular features and pleural effusion.
Varicella is also reactivated and manifest as disseminated disease in the form of multiple ill-defined nodule (Fig. 14) . Sometimes, these nodules can mimic as pulmonary metatasis.
Adenovirus and respiratory syncitial virus shows interstitial opacities, alveolar consolidation, nodules and pleural effusion.
Conclusion
The lung has a special vulnerability to infection. Radiological feature especially HRCT can provide valuable information in renal transplant recipient with suspected pulmonary infection. It can help in ruling in or out infectious or non-infectious causes. The certain characteristic HRCT findings can suggest etiology of infection e.g. Pneumocystis jiroveci infection, Aspegillosis, Mycobacterium infection and CMV and help in early initiation of the treatment. In case of less characteristic radiological features, collaborations with clinical details may provide clue toward the etiology of pulmonary infection. Therefore, HRCT should always be done in suspected cases of pulmonary infections.
